In the area around the archipelago of São Pedro e São Paulo (ASPSP), a set of small rocky islands in the Equatorial Atlantic, the thermocline begins at a more superficial depth than in the surrounding waters. This raises the question if there is any change in heterotrophic microplanktonic protists assemblages occurring in the surface mixed layer and in the subsurface layer. To answer this question, we sampled seawater in seven depths (between 1-100 m) with a 10L Niskin bottle and obtained temperature and salinity profiles with a CTD at eight sites around the ASPSP. The depth of the surface mixed layer varied between 18-63 meters. Dinoflagellates dominated in terms of abundance representing over 80% and 65% of the individuals found in the surface and subsurface layers, respectively. A PERMANOVA test revealed significant differences (p < 0.001) among the dinoflagellate and tintinnid assemblages occurring in both layers, but no evidence for difference in the radiolarian assemblage was detected. Good ecological indicators were found mainly within the dinoflagellate assemblage. The thermocline induced stratification allowed the development of different microplanktonic protists assemblages above and under the depth of the surface mixed layer in the upper 100 m of the water column.
INTRODUCTION
Tropical oceans are characterized by a strong and permanent thermocline, which inhibits the enrichment of the upper layers of the water column by nutrient-rich deeper waters. Consequently, the upper layers of these ecosystems become depleted in nutrients in most of the extension of the tropical oceanic waters. Under such conditions, the "typical tropical structure" (Herbland and Voituriez 1979) is formed and maintained, being modified only with sufficient nutrient flux to the upper layers (Cullen 1982) .
It is common knowledge that phytoplanktonic cells distribute unevenly throughout the water column in well stratified waters, flourishing in certain depths. Two striking features of oligotrophic oceans are the formation of a deep chlorophyll maximum (DCM) dominated by picophytoplanktonic cells and associated with the depth of the nitracline (Herbland et al. 1985 , Partensky et al. 1996 , and the occurrence of productivity maxima coinciding with or shallower than the depth of the DCM in regions with a permanent pycnocline (Longhurst and Harrison 1989) . Diverse heterotrophic protists assemblages have been suggested as important consumers of the primary production, performing a very important role in the flow of energy within marine ecosystems, since they belong to a size class that is capable of feeding on pico-and nanoplanktonic cells and is still available to a wide range of metazoans (Sanders and Wickham 1993 , Sherr and Sherr 1994 , Calbet 2008 )characterizing the so called microbial loop (Azam et al. 1983 ). These protists assemblages are commonly associated with the primary producers and thus their vertical distribution is not uniform as well.
The archipelago of São Pedro e São Paulo (ASPSP) is composed of serpentinized and mylonitized peridotites islets (Campos et al. 2010 ), originated from a major uplift of the lithospheric mantle (Maia et al. 2016 ). The archipelago is under the direct influence of two main current systems, the South Equatorial Current (SEC) flowing westward at the surface, and the Equatorial Under Current (EUC) flowing in the opposite direction at the subsurface. Albeit the commonness of enrichment processes in surface waters around oceanic islands -e.g. local upwelling and the development of Taylor columns, among others -no enrichment process has ever been observed around the ASPSP (Bröckel and Meyerhöfer 1999, Travassos et al. 1999) . Consequently, the waters surrounding the archipelago are strongly stratified, with a surface mixed layer (SML) separated by a permanent thermocline -and associated pycnocline -from deeper nutrient-rich waters. However, the SML is considerably narrower around the ASPSP than in the surrounding oceanic waters. This raises the question if there is any change in the microplanktonic protists assemblages occurring in the narrow SML above the thermocline and in the subsurface layer (SSL) within the thermocline. We hypothesize that two assemblages may be found in the upper 100 meters depth of the water column, one typical of SML waters and other typical of SSL waters. If there is any change among these layers, indicator species of both layers shall be found. This is of great importance since studies related to the vertical distribution of microplanktonic protists assemblages in the tropical Atlantic are scarce (Dworetzky and Morley 1987, Boltovskoy et al. 1996) .
MATERIALS AND METHODS
Samples were collected at seven depths (1, 10, 20, 30, 50, 75 , and 100 m) of eight sites distributed at north (N sites) and south (S sites) of the ASPSP (Figure 1a , b) during April and November 2015, the maximum and minimum rainfall period, respectively. A 10-L Niskin bottle was used to collect the samples. The collected volume was gently passed from the bottle to a PVC tube containing a 20 µm-mesh net fixed to its bottom to concentrate the sample on board of the "Transmar III" ship. The concentrates (~250 mL) were fixated with lugol's iodine solution to a final concentration of 3%. A SonTek CastAWAY CTD was used to profile temperature and salinity from the surface to a depth around 100 meters -the inferior limit of the equipment -in each site, to determine the depth of the top of the thermocline and to identify the water masses occurring at the sampled depths.
Prior to the analysis, the samples were left to settle, and their content was gently siphoned off. The whole volume of the concentrates was then analyzed using a Sedgwick-Rafter chamber and compound microscopy under a magnification of 100-200x to increase the representativeness of the sampling design. All the individuals in the samples were enumerated and identified to the lowest possible taxonomical unit according to classical taxonomic works -e.g. Wood (1963) and Balech (1988), for dinoflagellates; Haeckel (1887), and Boltovskoy (1999) for radiolarians; Kofoid and Campbell (1929) and Marshall (1969) , for tintinnids. Foraminifers and aloricate ciliates were counted but not identified.
The dinoflagellates, tintinnid ciliates and polycystine radiolarian assemblages were investigated for differences among the SML and SSL by means of a PERMANOVA (Anderson 2001). The PERMANOVA was performed with basis on a Bray-Curtis distance matrix calculated after the transformation of the biological data by the ln(X+1). An unconstrained ordination of the samples based on the Bray-Curtis distance matrix calculated for each one of the considered assemblages was performed using the method of the principal coordinate analysis (PCoA). To investigate the existence of indicator species associated with the SML and SSL, an indicator value analysis (Dufrêne and Legendre 1997) was performed, and the significance of the relationships was tested by means of a permutation test.
We estimated the species richness and the diversity for the pooled data of each layer in each site. Species richness was calculated as the absolute number of species and as the diversity index of Margalef (D Mg ). The diversity was calculated as the dominance/uniformity index of Simpson (D) and expressed as its reciprocal 1 -D, which is an effective diversity measure. The measurements of species richness and diversity were compared among the SML and SSL using the Mann-Whitney test.
All the statistical tests were performed using the R (R Core Team 2016) and RStudio Softwares.
RESULTS

ENVIRONMENTAL DATA
Sea surface temperature varied only between 27.2 ºC at N4 and S4 during the period of minimal precipitation and 28.1 ºC at S2 during the period of maximal precipitation. Sea surface salinity varied between 35.53 at S3 during the period of minimal precipitation, and 36.10 at N2 during the period of maximal precipitation. The depth of the onset of the thermocline varied between approx. 18 m at N1 during the period of maximal precipitation, and 63 m at S3 during the period of minimal precipitation (see Table I ). A maximum of salinity close to the depth of the beginning of the thermocline was observed in many of the sites. Two water masses were sampled during the study, the Tropical Surface Water (TSW) and the South Atlantic Central Water (SACW) ( Figure 2 ).
MICROPLANKTONIC PROTISTS ASSEMBLAGES
The dinoflagellates were the most abundant ( Figure  3 ) and diverse group (Table II) among the protists considered in this study; they represented 80.7% of the total number of individuals found in the SML, 65.8% of the individuals found in the SSL, and 124 identified species. The identification of very small and delicate forms, which did not preserve well, was hindered and thus this number is underestimated by some degree. Tintinnid and aloricate ciliates, as well as radiolarians and foraminifers were present in relatively low numbers in comparison with dinoflagellates. The tintinnid ciliates represented 3.9% of the individuals found in the SML, 6% of the individuals found in the SSL, and a total of 45 identified species. Radiolarians represented 2.8% of the individuals found in the SML, 5% of the individuals counted in the SSL, and a total of 65 identified species. Foraminifers represented 10.4% of the individuals in the SML, and 21.5% of the individuals found in the SSL.
SURFACE MIXED LAYER (SML), SUBSURFACE LAYER (SSL), AND INDICATOR SPECIES
The difference among the SML and SSL was very conspicuous in the dinoflagellate assemblage (PERMANOVA, p < 0.001; See Table III and Figure  4a ) and was also observed in the tintinnid ciliates assemblage (PERMANOVA, p < 0.001; See Table  III and Figure 4b ). In both cases, the difference among the two layers was independent of the rainfall regime being considered. No evidence for differences in the radiolarian assemblage among the two layers was found (Table III and Figure 4c ) during any of the rainfall regimes. The PCoA ordination of the dinoflagellate assemblage exhibited the clearest distinction among the SML and SSL waters. A total of 20 indicator species of dinoflagellates were found; 15 for the SML and five for the SSL waters (Table  IV) . Five indicator species of tintinnid ciliates were found for the SSL waters (Table IV) , but no tintinnid indicator of the SML was found. No radiolarian species was found to be indicator of the SML or SSL waters within the depth interval sampled. Vertical profiles of two SML and two SSL indicator species are presented in Figure 5 .
SPECIES RICHNESS AND DIVERSITY
The influence of the thermocline in the species richness and diversity differed among the considered protists assemblages. In the dinoflagellate assemblage, no difference in the species richness (D MG ) was found among both layers. Nevertheless, the absolute number of species found in each layer was significantly different with higher mean values in the SML (t test, p < 0.01). Species diversity, as the Simpson index (D) was also different among both layers, with a higher mean value in the SML (t test, p < 0.001). In the tintinnid ciliates assemblage only the absolute number of species was different among the layers, with a higher mean value in the SSL (t test, p < 0.01). No difference in the absolute number of species, species richness (D MG ), and diversity (D) among both layers was detected in the radiolarian assemblage. Table V displays mean values along with standard deviation for the absolute number of species found in each layer, species richness, and diversity of the three protists assemblages considered.
DISCUSSION
HYDROLOGY
The ASPSP is located at very low latitudes, being characterized by the presence of a permanent Significant at the level of 0.05; ** significant at the level of 0.01; *** significant at the level of 0.001. thermocline, which inhibits the enrichment of superficial waters by nutrient rich deeper waters. Some authors have already investigated possible mechanisms of bottom-induced upwelling around the archipelago leading to the enrichment of the superficial waters and enhancement of the phytoplanktonic production, but such a process was never found in the area (Bröckel and Meyerhöfer 1999, Travassos et al. 1999) .
Based on T-S pairs, at least two water masses were sampled during the study, the TSW and the SACW. The TSW forms the mixed layer of the tropical Atlantic Ocean and its lower limit is represented by the 20 ºC isotherm (Stramma and Schott 1999) . According to the criterion of Stramma and Schott (1999) , the TSW may be identified as water with temperature higher than 20 ºC and salinity of at least 36. In both sampling periods -maximal and minimal precipitationwater of temperature above 20 ºC and salinity under 36 were observed in the upper layer of the water column. This water is out of the typical salinity of the TSW according to Stramma and Schott (1999) and was already observed in the archipelago area (Travassos et al. 1999 , Medeiros et al. 2009a . High levels of precipitation are associated with the location of the ASPSP on very low latitudes at the Intertropical Convergence Zone, which contributes to the slight dilution of the more superficial waters, as already observed by Travassos et al. (1999) . The inferior limit of the TSW was found around 80 meters in both periods. For the period of minimal precipitation this value is considerably shallower than the one observed by Medeiros et al. (2009a) around the ASPSP (105 meters).
VERTICAL DISTRIBUTION OF THE CONSIDERED ASSEMBLAGES
Several studies focusing on different planktonic assemblages in the area around the ASPSP were realized (e.g. Macedo-Soares et al. 2012 , Melo et al. 2012 , 2014 , Queiroz et al. 2015 . These studies focused mainly in phytoplanktonic and meso-and macrozooplanktonic assemblages. The ecology of microplanktonic heterotrophic protists such as ciliates, radiolarians and foraminifers remain poorly known especially in the tropical latitudes of the South Atlantic Ocean.
The low density of individuals per liter observed for the protistan assemblages considered in this study is characteristic of oligotrophic ecosystems. The dinoflagellates were the most abundant group. These organisms have the competitive advantage of migrating vertically in the water column so that they can access deeper waters richer in nutrients, store it within the cell, and move upward to the sunlit surface waters where photosynthesis is possible (Ji and Franks 2007) . Although the determination of the trophic mode of the identified dinoflagellate species was not possible during the examination of the samples, we do know from the literature that several of the identified genus are mixotrophs, e.g. Dinophysis (Jacobson and Andersen 1994 ), Tripos (Smalley et al. 2003 ), Ornithocercus, Histioneis, Amphisolenia and Triposolenia (Tarangkoon et al. 2010 , and that mixotrophy is highly important in oligotrophic regions (Tarangkoon et al. 2010 , Stoecker et al. 2017 . Thus, it would be expected for these organisms to present an uneven vertical distribution of abundance, which was indeed observed. The dinoflagellates exhibited higher densities at 20 meters. This depth was, in general, associated with the beginning of the thermocline and thus a density gradient. According to Blasco (1978) even a weak density gradient could lead to a concentration of the abundance of dinoflagellates on certain depths by limiting the maximum distance that they would be able to swim. The increase in the density from the base of the surface mixed layer at the depth of the onset of the thermocline could then be acting as a barrier to the dispersal of the dinoflagellates in the water column.
Foraminifers, radiolarians, aloricate and tintinnid ciliates are naturally less abundant than primary producers. The foraminifers are known to be more abundant in the deep chlorophyll maximum layer (DCM), which constitutes a major food source very well exploited by the planktonic foraminifera Wiebe 1980, Fairbanks et al. 1982 ). Although it was not possible to measure the chlorophyll content in the water column, previous works have demonstrated that the chlorophyll content is higher in deeper waters at the base of the euphotic zone in the ASPSP (Bröckel and Meyerhöfer 1999, Souza et al. 2013) . Cordeiro et al. (2013) found increasing concentrations of chlorophyll with increasing depth of the water column from ~25 meters to the DCM layers between the depths of 50 and 100 meters in the waters around oceanic islands of the Equatorial Western Atlantic Ocean. If this picture remains the same for the ASPSP, the higher abundances of the foraminifers between the depths of 20 and 100 meters could be explained by the higher concentration of chlorophyll under the surface mixed layer, increasing until a DCM at the base of the euphotic zone.
The higher density values found for tintinnid ciliates at surface is consistent with the fact that, although these organisms have a broad vertical span in the oceans -with some species occurring below 600 m (Kršinić 1982) -, they are typically surface-dwelling planktonic organisms, as also observed by Thompson et al. (1999) . The observed density values are, however, lower than the average 25 ind.L -1 observed by Dolan (2000) in the Mediterranean Sea, and closer to the average 11.5 ind.L -1 observed in the South Atlantic by Thompson et al. (1999) . In the tropical SE Pacific Ocean, Dolan et al. (2007) observed higher mean tintinnid abundances ranging from 2-42 ind.L -1 . Unfortunately we were not able to obtain cholorophyll-a estimates but available data for the NW Tropical South Atlantic suggest that the chl-a concentrations range from 0.05-0.87 µg.L -1 in the first 100 meters of the water column (Cordeiro et al. 2013 , Jales et al. 2015 , which are considerably lower than the other cited areas. This suggests that the highly oligotrophic nature of the waters around the ASPSP restrain the development of the tintinnid assemblage and keeps the abundance values low.
The radiolarians are not well studied in the Atlantic Ocean, with just a few published studies (e.g. Dworetzky and Morley 1987, Thompson et al. 1999) . Our density values were close to the ones found by Thompson et al. (1999) in the South Atlantic Ocean. The slight increase in density at 100 m closely matches the depth of maximum density observed by some authors for colonial and polycystine radiolarians in the Pacific Ocean, around 85-100 m (Dennet et al. 2002, Zasko and Rusanov 2005) .
THE PLANKTONIC ASSEMBLAGES AND THE SML AND SSL LAYERS
The stratification of the water column exerted an important influence in the dinoflagellates and tintinnid ciliates assemblages, as illustrated by the PCoA ordination diagrams. The differences among both layers are clear in terms of species composition, diversity, and richness.
The indicator value analysis revealed 27 indicator species for the SML and SSL. From these, six dinoflagellate species may be considered good indicators of the surface mixed layer, namely Tripos declinatus, T. teres, T. pentagonus, Histioneis milneri, Protoperidinium curtipes, and Corythodinium tesselatum. Half of these species belong to the genus Tripos. Species within this genus have historical importance as ecological indicators (Frost and Wilson 1938, Graham 1941) , and have recently been suggested as a potential candidate of ecological indicator of ocean warming (Tunin-Ley and Lemée 2013), mainly because of its ubiquity and relative ease of identification. Queiroz et al. (2015) found T. declinatus and Histioneis milneri only in plankton net vertical hauls performed from 75-105 meters to the surface, and thus the only information available for the vertical distribution of these species in the ASPSP is that they occur in the first 100 meters. T. teres was already found exclusively in surface, T. pentagonus in surface, 50 meters' depth, and in the DCM, and Corythodinium tesselatum in surface and 50 meters' depth in the ASPSP (Queiroz et al. 2015) . It is important to highlight that these authors collected samples at a greater distance from the archipelago and thus found the thermocline deeper than the depths reported here.
In the vertical distribution of T. declinatus and T. teres presented in Figure 5 it is very clear that these species present the highest values of density within the SML, and low values (if present at all) within the SSL. The fact that we have found these species with higher density values almost exclusively within the SML does not mean, however, that they do not occur in deeper layers. Baek et al. (2009) demonstrated that different species of the genus Tripos may perform diel vertical migration (DVM) in different degrees. The vertical distribution of a species is influenced by its DVM pattern. Some authors have already observed that DVM in dinoflagellates and other phytoplanktonic organisms is associated with a circadian rhythm in which the cells usually move downwards to deeper waters with higher nutrient availability during dark periods and upwards to the sunlit surface layer during light periods (Eppley et al. 1968 , Baek et al. 2009 ). However, as stated by Blasco (1978), a minimal density gradient is sufficient to limit the vertical dispersion of dinoflagellates. The shallower depth of onset of the thermocline and associated pycnocline around the ASPSP may function as a barrier to the vertical dispersion of the dinoflagellates. Hence, our observations on different dinoflagellate species being ecological indicators of the SML and SSL are valid.
The best indicators of the SSL were the tintinnid ciliates Dictyocysta lepida, D. mitra and a non-identified Dictyocysta species. The vertical distribution of the Dictyocysta species shows clearly that D. lepida presented higher density values between 50-75 m, while D. mitra presented peak densities between 75-100 m. The latter species was already observed as an important component of the tintinnid assemblage between the depths of 50-100 m in an oligotrophic oceanic region at the South Adriatic Sea (Kršinić 1998, Kršinić and Grbec 2006) . In the South Atlantic, Thompson et al. (1999) found mean average depth values of 45 and 27 meters for D. lepida and D. mitra, respectively. These values are shallower than the depth interval in which we found the peak densities of both species. However, hydrographical characteristics are completely different in their area of study, with much cooler water temperatures being found around 25-50 meters. This could explain the difference in the depth of the peak densities for both species.
The dinoflagellate assemblage was richer in species and more diverse in the SML. It was expected since photoptrophy and mixotrophy are common features among dinoflagellate species (Hansen 2011), which make these organisms more abundant in the sunlit surface waters. The higher species richness found in the SSL for the tintinnid ciliates assemblage could be related to the sinking of individuals or tintinnid loricae from the SML. This artifact was already observed by Thompson et al. (1999) . However, we have found a considerable proportion of the species to be specific for a determined layer. In the case of the tintinnids, for example, 35.6% of the 38 species were exclusively found in one layer. At least 30.6% of the dinoflagellates were exclusively found in one of the layers and this pattern was particularly well observed in the radiolarians assemblage, since 46.2% of the identified species occurred exclusively in one of the layers, although no evidence for an increase/decrease of species richness or diversity of the radiolarian assemblage was detected in the depth interval here considered. This evidence corroborates the validity of the diversity patterns observed around the ASPSP.
We conclude that the different assemblages were affected in different ways by the presence of the permanent thermocline. The dinoflagellates exhibited the most pronounced shift in the structure of the assemblage, with good ecological indicator species for the SML, as well as higher species richness and diversity in this layer. The tintinnid ciliates assemblage is richer in species in the SSL and exhibited a few good ecological indicator species for this layer. No influence in the radiolarians assemblage in the upper 100 meters' depth interval was detected, although a trend towards an increase in density with depth was observed.
